Introduction
State-of-the-art CMOS technology relies on the use of embedded and/or liner stressors to boost performance. Generally, the channel carrier mobility can be enhanced by uniaxial strain applied to the channel volume by pseudomorphically growing highly-strained selective epitaxial layers into the adjacent source drain (S/D) regions. This method has been successfully employed in 90, 65 and 45 nm CMOS products including microprocessors. However, scaling of device dimensions in successive nodes has reduced the effective gate pitch and therefore, has led to an ever-decreasing available volume for embedded stressor material in the S/D areas. This results in strain loss in the channel as shown in Figure 1 . Consequently, the channel strain of a previous generation can only be maintained in a following node if the embedded stressors are made of materials with an appropriately higher stress. Furthermore, a performance gain over the previous generation requires even more strain to compensate for the volume loss due to scaling. Fortunately, high strain is readily achieved in embedded silicon-germanium by simply increasing the germanium concentration. The challenge lies in controlling the epitaxial growth, in-situ doping and defects in higher percentage Silicon-Germanium (SiGe) layers. In this paper we discuss the epitaxial growth and defect generation in an extremely high strain SiGe layer, and study the effect of boron and/or carbon doping on aforementioned parameters.
Experimental
In-situ boron doped Si 40% Ge 60% films were epitaxially grown on p-silicon in a commercial 300 mm RPCVD reactor with different amounts of boron and/or carbon doping. A thickness range of 20 to 25 nm was chosen to retain a fully strained layer while allowing sufficient material for physical and electrical analyses. The films were characterized by scanning (SEM) and transmission electron microscopy (TEM), x-ray diffraction (XRD), atomic force microcopy (AFM), Secondary Ion Mass Spectrometry (SIMS), X-ray Photoelectron Spectroscopy (XPS) and four-point probe measurements combined with rapid thermal anneal (RTA).
Results and discussion
An undoped 20nm thick epitaxially grown non-relaxed layer of Si 39.2% Ge 60.8% exhibited a strain of 2.36% as measured by XRD. Adding boron and/or carbon to the Si 40% Ge 60% lowered the measured strain due to the smaller size of the boron and carbon atom. Samples with boron concentrations ranging from 8·10 19 cm -3 to 9·10 21 cm -3 we grown under the same deposition conditions as undoped films with the exception of the addition of diborane to the gas mixture. At low boron concentrations (up to 2·10 20 cm -3 ) the layers were smooth, and defect-free crystalline growth was observed while the strain was only reduced by the amount of the incorporated boron. No cross hatch was observed in standard 10μm % 10μm AFM scans. In contrast, at doping levels above 2·10 20 cm -3 and up to 8·10 20 cm -3 increasing levels of cross hatch and stacking faults were detected in the deposited layers by AFM and TEM. Nonetheless, the layers remained crystalline, although the fringes in the XRD measurements started to diminish. We suspect an increased level of film relaxation due to a higher observed stacking fault density. A change in the growth was observed as boron doping levels were increased to ≥ Technology node 1·10 21 cm -3 (2 atomic percent). The high density of cross hatch remained but local polycrystalline growth was also observed.
Figure 2: AFM micrographs of 60% SiGe layers showing cross hatch and polycrystalline growth development SEM revealed substantial layer roughening while TEM still displayed crystalline layer segments with a high stacking fault density (Figure 3 ). Increasing the boron doping to values of 2·10 21 cm -3 to 4·10 21 cm -3 (4 to 8 atomic percent) resulted in further surface roughening of deposited films that were almost completely polycrystalline. In addition, pendellosung thickness fringes were not observed in XRD for these samples. However, as the boron concentration was enhanced to levels as high as 6.5·10 21 cm -3 and 9·10 21 cm -3 , (13% and 16% respectively) the surface roughness increased to values in the range of the layers thickness implying a 3D-type growth. Surprisingly, XPS revealed that the boron only replaced the silicon while the Ge content remained constant in the SiGe alloy. Another interesting finding is the anomalous growth rate behavior of boron doped Si 40% Ge 60% as a function of boron concentration. At first, an increasing growth rate was observed for "moderate" doping levels of up to 1·10 (where the change from cross hatch to polycrystalline growth was observed) the growth rate decreased with increasing doping levels and eventually saturated to levels of the undoped Si 40% Ge 60% deposition rate.
Electrical measurements showed that only 3·10 20 cm -3 boron was electrically active after deposition independent of the total boron amount, and rapid thermal annealing (RTA) treatments of 900C/1s did not improve the activation level. We conclude that the solubility limit of boron in Si 40% Ge 60% is 3·10 20 cm -3 . We will also discuss carbon incorporation and boron and carbon co-doping in our presentation. 
Conclusion
We have successfully demonstrated that in-situ boron-doped Si 40% Ge 60% with boron concentration of up to 4·10 20 cm can be grown planar and smooth with strain above 2.2% despite the presence of stacking faults in the layer. Boron and boron-carbon doping was found to compensate portions of the strain in highly strained SiGe. In addition, increased doping levels produced nucleation centers in the films where dislocations and stacking faults were formed for "moderate" concentrations (1·10 21 cm -3 ). A further increase above 1·10 21 cm -3 caused a severe degradation of the crystal structure, and polycrystalline and even islanded growth modes were observed. The in-situ incorporated boron is active up to 3·10 20 cm -3 . Neither higher boron doping nor RTA helped to increase this value. 
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